The present study investigated the impact of sleep deprivation on several aspects of affective functioning in healthy participants selected from three different developmental periods: early adolescence (ages 10 -13), midadolescence (ages 13-16), and adulthood (ages 30 -60). Participants completed an affective functioning battery under conditions of sleep deprivation (a maximum of 6.5 hours total sleep time on the first night followed by a maximum of 2 hours total sleep time on the second night) and rest (approximately 7-8 hours total sleep time each night for two consecutive nights). Less positive affect was observed in the sleep-deprived, compared to rested, condition. This effect held for 9 of the 12 positive affect items on the PANAS-C. Participants also reported a greater increase in anxiety during a catastrophizing task and rated the likelihood of potential catastrophes as higher when sleep deprived, relative to when rested. Early adolescents appraised their main worry as more threatening when sleep deprived, relative to when rested. These results support and extend previous research underscoring the adverse affective consequences of sleep deprivation.
It is well established that sleep deprivation adversely impacts mood (Pilcher & Huffcutt, 1996) . Healthy participants who slept only 5 hours per night for 1 week experienced a progressive worsening in mood (Dinges et al., 1997) . Moreover, a study by Yoo et al. (2007) reported a 60% increase in amygdala activity in response to an emotional stimulus when it was viewed under conditions of sleep deprivation compared to when rested. This large increase in amygdala reactivity was associated with decreased activity in the medial-prefrontal cortex, a region known to exert top-down control on the limbic area (including the amygdala) and functioning to regulate or modulate emotional responses as appropriate for the context. These results are consistent with other neuroimaging research demonstrating that sleep deprivation influences cognitive control or frontal executive functions in general (Drummond et al., 1999; Muzur, Pace-Schott, & Hobson, 2002) . Adequate sleep, in contrast, is proposed to contribute to improved affect regulation through enhanced prefrontal cortex (PFC) functioning (Silk et al., 2007) . The present study sought to extend this research in three ways.
First, previous research has tended to examine affect broadly, with little attention to the impact on specific discrete emotions. In the former domain, Dinges et al. (1997) and Drake et al. (2001) used the Profile of Mood States (POMS; McNair, Lorr, & Druppleman, 1971) . The POMS indices affect via six broad scales (tension-anxiety, depression-dejection, anger-hostility, fatigue, confusion, and vigor). A total mood disturbance score is derived by summing the scores across all six factors, with vigor weighted negatively. Dinges and colleagues (1997) found that sleep deprivation resulted in increased fatigue, confusion, tension-anxiety, and total mood disturbance and decreased vigor. Drake and colleagues (2001) demonstrated increases in fatigue and confusion and decreases in vigor. Zohar, Tzischinsky, Epstein, and Lavie (2005) furthered this broad affect research by assessing positive in addition to negative affect. Using composite scores of four positive and four negative affect items, the findings indicated that sleep loss both intensified negative affect and diminished positive affect in the context of daily events. Franzen, Siegle, and Buysse (2008) also reported that sleep deprivation decreased positive affect. However, these authors reported that sleep deprivation did not impact negative affect based on the Positive Affect and Negative Affect Schedule (PANAS; Watson, Clark, & Tellegen, 1988) . They found that negative affect did increase when it was assessed with a visual analog scale (Monk, 1989) . Haack and Mullington (2005) examined positive and negative factor-derived variables including optimism-sociability, tiredness-fatigue, and angeraggression in the context of partial sleep deprivation and observed decreased optimism-sociability. Following the precedent of these studies, the present study examined both positive and negative affect broadly. In addition, given the lack of research on the impact of sleep deprivation on individual emotions, we sought to expand previous research by embracing a discrete emotions perspective (e.g., Izard, 1977) . The impact of sleep deprivation on specific emotions was investigated (e.g., joyful, proud, ashamed, afraid) to determine the degree to which particular emotions drive the affective changes of sleep deprivation.
Second, building upon the discrete emotions approach, this study sought to examine one particular affective state in greater depth: anxiety. Anxiety is a clinically relevant cognitive-affective state that helps humans plan for, and adapt to, the future (Barlow, 2002) . Anxiety is functional in that it mobilizes the individual for fight or flight in the presence of appraised danger (Power & Dalgleish, 1997) . However, anxiety has a number of negative consequences. For example, anxiety has adverse effects on cognitive performance (see Eysenck, 1992 , for a review). Theoretically these effects should be exacerbated under conditions of sleep deprivation given that (a) a sleep-deprived state appears to diminish medial-PFC activity in the context of emotional challenges (Yoo et al., 2007; Killgore, Balkin, & Wesensten, 2006) ; and (b) the medial-PFC is an important brain region activated in anxiety states for exerting inhibition of the amygdala (e.g., Davidson, 2002; Phelps, Delgado, Nearing, & LeDoux, 2004 ). An investigation of anxiety and sleep is also important because of the association between sleep disturbance and anxiety disorders (Harvey, Hairston, Gruber, & Gershon, 2008; Papadimitriou & Linkowski, 2005) . For example, persistent insomnia is associated with an increased risk of developing an anxiety disorder (Breslau, Roth, Rosenthal, & Andreski, 1996) and sleep disturbance predicts the subsequent development of Posttraumatic Stress Disorder (Koren, Arnon, Lavie, & Klein, 2002) . To the best of our knowledge only one study has examined sleep deprivation and anxiety. Consistent with the hypothesis that sleep deprivation will intensify anxiety, Sagaspe and colleagues (2006) found that healthy participants (n ϭ 12) exhibited an increase in self-reported anxiety following a night of sleep deprivation. In the present study, we sought to extend this literature by examining a number of contributors to anxious states including: worry (Dalgleish & Power, 1999) , which is considered a "central psychological process" implicated in anxiety (Power & Dalgleish, 1997, p. 220) ; catastrophizing, which involves automatic internal "what if" questions similar to Beck's automatic thinking in depression (Ingram & Kendall, 1987; Startup & Davey, 2001) ; and appraisal of threat (Power & Dalgleish, 1997) , such as inflated perceptions of the likelihood of various threats (Butler & Mathews, 1987) .
Third, the affective consequences of sleep deprivation in adolescence, and particularly across development in adolescence, have not been extensively examined. The dearth of experimental research is a critical gap. Adolescence is a period during which individuals already face affective challenges with limited resources. For example, the PFC, shown to be important in affective responses and regulation (Davidson, 2002; Ochsner et al., 2004) , does not reach full maturity until after adolescence (Giedd, 2004) . In fact, during the adolescent years the relative size of the PFC decreases and it is "prominently remodeled" (Spear, 2000, p. 112) . Given that the PFC has been shown in adults to be adversely impacted when exposed to emotional stimuli after sleep deprivation, sleep deprivation in adolescence could particularly compromise functioning. In addition, biological sleep need appears to increase in adolescence (Carskadon, 2002) . Despite this evidence of the importance of sleep in adolescence, there is concern about an "epidemic of sleep deprivation" in this age group (e.g., Hansen, Janssen, Schiff, Zee, & Dubocovich, 2005) . A multitude of factors contribute including a circadian rhythm shift toward a delayed phase (Jenni, Achermann, & Carskadon, 2005) as well as psychosocial influences such as more evening activities (particularly involving electronic media; Van den Bulck, 2003) , greater social opportunities, increased academic responsibilities, and more extracurricular activities (Carskadon, Wolfson, Acebo, Tzischinsky, & Seifer, 1998) . Given this combination of sleep deprivation and potentially increased vulnerability to sleep loss, the current study sought to evaluate the affective consequences of sleep deprivation in adolescents using an experimental paradigm. Early adolescents were a focus in order to capture the initial developmental transition to adolescence. Moreover, the design accounted for gender differences in adolescence by including boys 1 year older than girls, given that boys begin puberty later than girls (Gordon & Laufer, 2005) .
In the present study, adolescents and adults completed an affective functioning battery under conditions of sleep deprivation and rest (order counterbalanced). The first aim was to examine the effects of sleep deprivation on positive and negative affect. Based on previous research, the first hypothesis tested was that participants would experience less positive affect and more negative affect in the sleep-deprived, compared to rested, condition (Dinges et al., 1997; Franzen et al., 2008; Pilcher & Huffcutt, 1996; Zohar et al., 2005) . Relatedly, we explored the impact of sleep deprivation on discrete positive (interested, excited, happy, strong, energetic, calm, cheerful, active, proud, joyful, delighted, lively) and negative (sad, frightened, ashamed, upset, nervous, guilty, scared, miserable, jittery, afraid, lonely, mad, disgusted, blue, gloomy) emotions. Given the absence of previous research addressing this level of specificity, this aspect of the study was included on an exploratory basis. The second aim was to conduct an in-depth examination of one particular negative affective state-namely, anxiety. Based on the association between sleep deprivation and anxiety observed in previous research (Sagaspe et al., 2006) , we predicted that participants would demonstrate heightened anxiety when sleep deprived as compared to when rested. Five contributors to anxious states were examined: number of worries generated, rating of the most threatening worry, length of catastrophizing sequence generated, anxiety ratings, and likelihood ratings of potential catastrophes. The final aim was to extend the literature by examining the aforementioned potential impact of sleep deprivation on affective functioning during adolescence. Given the ongoing development of the prefrontal cortex during adolescence and its importance for affect regulation (Davidson, 2002; Giedd, 2004) , we hypothesized that adolescents would display increased affective reactivity, relative to adults.
Methods

Participants
Participants were included if they (a) did not meet Diagnostic and Statistical Manual of Mental Disorders (4th ed.; DSM-IV; American Psychiatric Association, 1994) criteria for any past or current Axis I disorder; (b) did not meet criteria for any past or current sleep disorder; (c) did not have any medical conditions; and (d) had no history of head trauma. Participants were 20 early adolescents (girls ages 10 -12, boys ages 11-13), 24 midadoles-cents (girls ages 13-15, boys ages 14 -16), and 20 adults (ages 30 -60). Two different adolescent age groups (i.e., early and mid) were selected in order to examine the differential impact of sleep deprivation on affect across development. Specific age ranges were based on the mean ages from samples used in previous research examining early and mid-late pubertal development (e.g., Jenni et al., 2005; Silk et al., 2009) . Furthermore, the age inclusion criterion for the girls was set at one year earlier on the basis that girls begin puberty 1-2 years earlier than boys (Gordon & Laufer, 2005) . The rationale for excluding young adults from the adult group was threefold: 1) it ensured clear differentiation from the adolescent groups by avoiding the delayed phase that can persist into early adulthood (Richardson & Malin, 1996) ; 2) it avoided the dramatic temporary sleep pattern shifts of college-student populations during which individuals may adopt a chronically sleepdeprived lifestyle (Lack, 1986) ; and 3) it ensured neurological differences from the adolescent group, given that the prefrontal cortex does not reach adult dimensions until the early 20s (Giedd, 2004) . Adults over 60 were excluded because of age-related changes in the sleep-wake cycle such as sleep maintenance difficulties, reduced sleep duration, and lowered arousal threshold (e.g., Campbell & Murphy, 2007; Dement, Miles, & Carskadon, 1982) .
Measures Structured clinical interview for DSM-IV (SCID).
The SCID is a semistructured interview designed to assess DSM-IV diagnostic criteria for Axis I disorders (Spitzer, Williams, Gibbon, & First, 1996) . Adult participants' diagnoses were assessed using the SCID. It has shown good reliability for the majority of disorders (Skre, Onstad, Torgersen, & Kringlen, 1991; Williams et al., 1992) .
Kiddie Schedule for Affective Disorders and Schizophrenia Present and Lifetime version (K-SADS-PL). The K-SADS-PL (Kaufman, Birmaher, Brent, Rao, et al., 1997) , a semistructured interview that assesses diagnostic criteria of a broad spectrum of childhood disorders, was administered to all potential adolescent participants and one parent of each participant. The K-SADS-PL has been shown to generate reliable and valid child psychiatric diagnoses (Kaufman et al., 1997) .
Duke Structured Interview for Sleep Disorder (DSISD).
The DSISD is a semistructured interview that assesses research diagnostic criteria for sleep disorders (Edinger et al., 2004) . The DSISD was used to assess sleep disorders in all participants.
Self-Rating Scale for Pubertal Development. The SelfRating Scale for Pubertal Development is a self-report measure of pubertal status adapted by Carskadon and Acebo (1993) from an earlier interview-based puberty rating instrument (Petersen, Crockett, Richards, & Boxer, 1988) . Both early and midadolescent participants completed the scale, which includes items rating physical development that are combined to classify the adolescents' pubertal development into a categorical maturation score: (1) prepubertal, (2) beginning pubertal, (3) midpubertal, (4) advanced pubertal, and (5) postpubertal. The measure has established validity and reliability .
Sleep diary. The sleep diary is a self-report measure completed upon waking in which participants estimate a number of sleep variables including total sleep time (TST). The sleep diary has been shown to be a reliable estimate (Morin & Espie, 2003) and is considered the gold standard subjective measure of sleep (Buysse, Ancoli-Israel, Edinger, Lichstein, & Morin, 2006) . Actigraphy. Actigraphs are wrist watch-like devices that provide an estimate of the sleep/wake cycle via movement using a sensor, a processor and memory. The correlation between actigraphy-and polysomnography-defined sleep estimates ranges from .88 -.97 in adult normal sleepers (Cole, Kripke, Gruen, Mullaney, & Gillin, 1992; Jean-Louis et al., 1997; Sadeh, Alster, Urbach, & Lavie, 1989) . Actigraphy has also been shown to provide a good estimate of TST in healthy adolescents Johnson et al., 2007) .
Stanford Sleepiness Scale (SSS). The SSS is a one-item measure of subjective sleepiness (Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973) . Response options range from 1 "feeling active, vital, alert, and wide awake" to 7 "no longer fighting sleep, sleep onset soon; having dream-like thoughts." The SSS has been widely used in sleep-deprivation research (e.g., Babkoff, Caspy, & Mikulincer, 1991) .
Child Version of the PANAS (PANAS-C).
The PANAS-C is a child version of the PANAS. It resembles the adult scale in form, content, and instructions. The measure lists 12 positive and 15 negative descriptors (e.g., happy, upset). Participants are instructed to "complete the items based on how you are feeling right now" using a 5-point Likert scale (1 "very slightly or not at all" to 5 "extremely"; Laurent et al., 1999) . The PANAS-C has been shown to have strong psychometric properties and good convergent and discriminant validity (Laurent et al., 1999) . Note that the PANAS-C was administered to all participants (including adults) to allow for comparability across all participants.
Procedure. Study procedures were approved by the Institutional Review Board of the University of California, Berkeley. Participants were compensated for their time and effort. The grade level of the wording of all instructions used at the laboratory visits was checked using Microsoft Word, 2007 to ensure comprehension by all participants. The grade level ranged from 0.5 to 6.0, with the majority of instructions at the third-grade level.
In the first session, all adult participants provided written informed consent. Adolescent participants provided assent and their parents provided consent. Doctoral student interviewers with previous experience conducting structured clinical interviews administered the SCID or KSADS and the DSISD. When parent and child reports were discrepant, any Axis I psychopathology or sleep disorders endorsed by either parent or child rendered the participant ineligible for further participation.
Eligible participants were asked to keep sleep diaries throughout the study and a portion (66%) of participants also wore actigraphs (Mini Mitter Actiwatch, model AWLP).
1 For data analysis, actigraphy was always used when available on the basis that actigraphy provides accurate estimates of sleep in both adolescents and adults (Johnson et al., 2007; Morgenthaler et al., 2007) . When actigraphy was not available, sleep diary was used; the two can be used interchangeably to assess sleep start, sleep end, and assumed sleep times (Werner, Molinari, Guyer, & Jenni, 2008 ). An average of 5 nights of sleep was analyzed as an indicator of habitual sleep. After this habitual sleep period participants completed one of the two conditions: the sleep-deprived or the rested condition. Approximately 1 week later the other condition was completed.
Sleep-deprived condition. The sleep-deprivation manipulation occurred over the course of two nights, with the majority of the sleep loss occurring on the second, in-laboratory night. On the first night, participants spent the night at home, but were asked to aim for a maximum sleep time of approximately 6.5 hours. Compliance was checked using participants' actigraphy or sleep diary. This information was available for 80% percent of participants.
2
Participants then visited the laboratory on the second night at 10:00 p.m. at which time they completed a baseline SSS rating. They were then continuously monitored throughout the night by trained laboratory staff and were permitted to read, watch movies, play board games, and interact with the laboratory staff in order to ensure wakefulness. Snacks such as fruit, crackers, yogurt, and cheese were available. No caffeine or other stimulants were allowed. To simulate real world conditions, exposure to light was not controlled (Dinges et al., 1997) . Between 03:00 a.m. and 5:00 a.m. participants were given a 2-hr sleep opportunity. At 8:00 a.m. participants again completed the SSS. Between 08:00 a.m. and 10:00 a.m., the affective functioning battery was administered.
The rationale for the two-night sleep-deprivation protocol was threefold. First, to the best of our knowledge this is the first experimental study of sleep deprivation in adolescents. Hence, the ethical and safety ramifications of total sleep deprivation were unclear. Second, we were concerned that after one night of total sleep deprivation the adolescent participants would fail to remain awake during the morning affective functioning battery. We consequently provided a 2-hr sleep opportunity on the second sleepdeprivation night to discharge the homeostat. Finally, partial sleep deprivation may be more analogous to the type of real-world sleep deprivation experienced by individuals.
Rested condition. Participants were asked to extend their habitual sleep time to 8.5 hours at home for two consecutive nights. Compliance was checked using actigraphy or sleep diary. These data were available for 83% of nights.
2 At 10:00 a.m. the morning following the second night, participants visited the laboratory and completed the SSS and then the affective functioning battery. A few participants in each group completed the rested condition at 8:00 a.m. due to scheduling constraints (n ϭ 3 in the early adolescent group, n ϭ 3 in the midadolescent group, and n ϭ 4 in the adult group). There were no differences between groups in the number of participants at 8:00 a.m.
Affective Functioning Battery
The data for the present study were collected as part of a larger research project designed to examine the effects of sleep deprivation on affective functioning. The affective functioning battery consisted of a number of cognitive-affective tasks (e.g., the balloon analog risk task and the future thinking task) separated by neutral film clips. The conceptually related tasks are presented in this paper. This is the first article published on this study and future publications will not overlap with the tasks and analyses reported here.
Positive and negative affect. Participants rated their baseline positive and negative affect (based on their feelings "right now") using the PANAS-C. The PANAS-C was administered as participants' first task, immediately prior to the worry generation and most threatening worry tasks.
Worry generation and most threatening worry. Participants were given a page with seven marked lines and were asked to briefly list all the topics about which they were worried. Next, following Davey and Levy (1998) , participants were asked to rate how seriously threatening the worry was or how scared they were that the worry would come true on a scale of 0 "not at all scared or threatened that the worry will come true" to 100 "almost certain that the worry will come true/the worry is extremely threatening." The experimenter then confirmed with the participant that the worry ranked as most threatening was the worry about which he or she was most concerned and about which he or she spent the most time thinking. Following this confirmation, the most threatening worry was then used for the catastrophizing task.
Catastrophizing task. A practice trial based on an area of interest (e.g., soccer) was administered to ensure that participants understood the procedure. The catastrophizing interview then began. The interviewer asked the participant "What is it that worries you about X?" where X was the participant's most threatening worry. Where Y denotes the participant's answer to the latter question, the participant was then asked "What is it that worries you about Y?" Where Z denotes the answer the participant provided for this question, the interviewer then asked "What is it that worries you about Z?" This process continued until the participant could think of no more responses or until the participant reported a similar answer three consecutive times. The total number of catastrophic steps was recorded (Vasey & Borkovec, 1992) .
Participants rated their anxiety immediately before and after completing the catastrophizing procedure (Harvey & Greenall, 2003) on a one-item scale (0 "not at all anxious" to 100 "extremely anxious"). In addition, after the catastrophizing interview participants were asked to rate the likelihood that each catastrophe that they reported during the interview would actually occur (0 "not at all likely" to 100 "extremely likely"; Vasey & Borkovec, 1992) . This rating is referred to as the catastrophe likelihood rating (Harvey & Greenall, 2003) .
Results
Participant Characteristics
There were no significant differences across groups in gender or race/ethnicity (see Table 1 ). The groups differed on household income, with the adult group having lower household income than the families of the adolescent groups. There were expected group differences in age, education level, and pubertal status. All adolescent participants were at least in the early pubertal stage. There were no group differences in participants' habitual TST (see Table 2 ).
Manipulation Checks
Sleep-deprivation manipulation check. Recall that participants were asked to aim for a maximum sleep time of 6.5 hours on the first night of the sleep-deprivation condition. As indicated in Table 2 , mean first night TST was less than 6.5 hours (76% below 6.5 hours, 6% between 6.5-7 hours, 8% between 7 and 7.5 hours, and 8% over 7.5 hours).
3 A one-way analysis of variance (ANOVA) indicated there were no differences between groups. Given that the second night maximum TST was 2 hours, over the two nights participants accrued a substantial sleep debt, relative to habitual TST (see Table 2 ). The three age groups did not differ in the sleep debt accrued.
A repeated-measures ANOVA was conducted on SSS ratings in the sleep-deprived condition with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Time (10:00 p.m., 8:00 a.m.) as the within-subject factor (see Table 2 ). There was no significant main effect of Age Group, F(2, 56) Ͻ 1, ns, but there was a significant main effect of Time, F(1, 56) ϭ 40.13, p Ͻ .001, with participants reporting more sleepiness at 8 a.m. relative to 10 p.m. The Age Group ϫ Time interaction was not significant, F(2, 56) Ͻ 1, ns. In sum, the TST and SSS data suggest that the sleep-deprivation manipulation delivered was successful.
Rested manipulation check. Recall that participants were asked to extend their habitual sleep to 8.5 hours for two nights. A one-way ANOVA on average TST of the first and second nights indicated there was an Age Group difference in average TST, F(2, 44) ϭ 3.93, p Ͻ .05. Tukey follow-up tests indicated a significant difference such that adults obtained less sleep compared to the early adolescents, p Ͻ .05. No other comparisons were significant. An inspection of the mean values in Table 2 indicates that participants did not comply with the 8.5 hour TST instructions. Paired t tests examined the difference between average TST of the first and second nights and habitual sleep in each group. Adults had significantly more sleep on the rested manipulation nights compared to their habitual sleep, t(13) ϭ 2.94, p Ͻ .05. This result remained after applying the Bonferroni correction of p Ͻ .017. The same comparisons were not significant in either adolescent age group. In sum, given these results we shifted our original conceptualization from an extended sleep condition to a habitually rested condition.
Comparison of sleep-deprived and rested SSS scores. A repeated-measures ANOVA was conducted on morning sleepiness ratings with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor (see Table 2 ). There was no significant main effect of Age Group, F(2, 51) Ͻ 1, ns, but there was a significant main effect of Sleep Condition, F(1, 51) ϭ 95.70, p Ͻ .001, with participants reporting more sleepiness on the sleep-deprived, compared to rested, morning. There was also an Age Group ϫ Sleep Condition interaction F(2, 51) ϭ 3.48, p Ͻ .05. Follow-up tests indicated that in the rested condition, early adolescents were more sleepy than adults, t(31) ϭ 2.46, p Ͻ .05. This same comparison was not significant in the sleep-deprived condition. The SSS data show that the sleep-deprivation manipulation was effective in increasing sleepiness.
Affective Functioning Battery
Positive affect. A two-way repeated-measures ANOVA was conducted on the PANAS-C composite positive affect with Age Group (early adolescent, midadolescent, adult) as the betweensubjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor. There was a main effect of Sleep Condition, F(1, 55) ϭ 34.11, p 2 ϭ 0.38 4 , p Ͻ .001, such that participants reported less positive affect when sleep deprived, compared to rested. There was no main effect of Age Group, F(2, 55) Ͻ 1, ns, and there was no Sleep Condition ϫ Age Group interaction, F(2, 55) Ͻ 1, ns. Next, a two-way repeated-measures ANOVA was conducted on the PANAS-C positive affect individual items with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleep-deprived, rested) and Affect Item (interested, excited, happy, strong, energetic, calm, cheerful, active, proud, joyful, delighted, lively) as the within-subject factors. Again, there was a main effect of Sleep Condition, F(1, 55) ϭ 34.11, p 2 ϭ 0.38, p Ͻ .001, such that participants reported less positive affect when sleep deprived, compared to rested, and no main effect of Age Group, F(2, 55) Ͻ 1, ns. The only interaction to reach significance was the Sleep Condition ϫ Affect Item interaction, F(11, 605) ϭ 3.31, p Ͻ .001, p 2 ϭ 0.06. Follow-up paired t tests were conducted on the individual affect items between the sleep-deprived and rested conditions. There were significant differences on all affect items except calm, such that participants rated each item lower in the sleepdeprived, compared to rested, condition (see Table 3 ). After applying the Bonferroni correction of p Ͻ .004, all items remained significant except joyful and lively.
Negative affect. A two-way repeated-measures ANOVA was conducted on the PANAS-C composite negative affect with Age Group (early adolescent, midadolescent, adult) as the betweensubjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor. There was no main effect of Sleep Condition, F(1, 55) Ͻ 1, ns, or Age Group F(2, 55) Ͻ 1, ns, or a Sleep Condition ϫ Age Group interaction, F(2, 55) ϭ 1.35, ns. Next, a two-way repeated-measures ANOVA was conducted on the PANAS-C negative affect individual items with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleep-deprived, rested) and Affect Item (sad, frightened, ashamed, upset, nervous, guilty, scared, miserable, jittery, afraid, lonely, mad, disgusted, blue, gloomy) as the withinsubject factors. Mean values are presented in Table 3 . Again, there was no main effect of Sleep Condition, F(1, 55) Ͻ 1, ns, or Age Group F(2, 55) Ͻ 1, ns. The only interaction to reach significance was the Sleep Condition ϫ Affect Item interaction, F(14, 770) ϭ 1.90, p 2 ϭ 0.03, p Ͻ .05. Follow-up paired t tests indicated that participants were more nervous in the rested, compared to sleepdeprived, condition, and more miserable in the sleep-deprived, compared to rested, condition. After applying the Bonferroni correction of p Ͻ .003, neither of the follow-up tests was significant.
Worry generation and most threatening worry. Mean values for these tasks are presented in Table 4 . A two-way repeatedmeasures ANOVA was conducted on number of worries with Age Group (early adolescent, midadolescent, adult) as the betweensubjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor. There was no main effect of Sleep Condition, F(1, 59) Ͻ 1, ns. There was a main effect of Age Group, F(2, 59) ϭ 7.83, p 2 ϭ 0.21, p Ͻ .05. Post hoc tests indicated that in the rested condition, adults generated more worries than midadolescents, t(42) ϭ 2.10, p Ͻ .05 and early adolescents, t(38) ϭ 3.87, p Ͻ .001, and midadolescents generated more worries than early adolescents, t(42) ϭ 1.95, p Ͻ .05. In the sleep-deprived condition, adults generated more worries than early adolescents, t(36) ϭ 2.39, p Ͻ .01. There was no Age Group ϫ Sleep Condition interaction, F(2, 59) Ͻ 1, ns.
A two-way repeated-measures ANOVA was conducted on the rating of the most threatening worry with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor. There was an Age Group ϫ Sleep Condition interaction, F(2, 51) ϭ 4.47, p 2 ϭ 0.15, p Ͻ 05 (presented in Figure 1 ). Follow-up tests indicated that the early adolescents appraised the most threat- 4 The partial eta squared effect sizes are reported with the results of the major dependent variables. Small effect sizes are less than .06, moderate effect sizes range from .06 -.14, and large effect sizes are greater than .14 (Cohen, 1973) . ening worry as significantly more threatening when sleep deprived compared to rested, t(14) ϭ 3.44, p Ͻ .01. Additionally, in the rested condition, adults appraised the most threatening worry as significantly more threatening than early adolescents, t(33) ϭ 2.34, p Ͻ .05. No other follow-up tests were significant. There was no main effect of Age Group, F(2, 51) Ͻ 1, ns. There was a main effect of Sleep Condition, F(1, 51) ϭ 4.36, p 2 ϭ 0.08, p Ͻ .05, such that the most threatening worry was appraised as more threatening when sleep deprived, compared to when rested, though this appears to be a function of the two-way interaction.
Catastrophizing task. The mean values for this task are presented in Table 4 . A two-way repeated-measures ANOVA was conducted on the number of catastrophic steps in the catastrophizing sequence with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleepdeprived, rested) as the within-subject factor. There were no main effects of Sleep Condition, F(1, 57) ϭ 1.51, ns, or Age Group, F(2, 57) Ͻ 1, ns. There was no Age Group ϫ Sleep Condition interaction, F(2, 57) Ͻ 1, ns.
To examine the effect of catastrophizing on anxiety, we calculated the difference between the pretask and posttask anxiety ratings ("pre-post anxiety difference score"). A two-way repeated measures ANOVA was conducted on the pre-post anxiety difference score with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleepdeprived, rested) as the within-subject factor. There was a main effect of Sleep Condition, F(1, 67) ϭ 6.17, p 2 ϭ 0.10, p Ͻ .05, such that participants experienced a greater increase in anxiety during the task in the sleep-deprived, compared to rested, condition (presented in Figure 2 ). There was no main effect of Age Group, F(2, 57) ϭ 1.31, ns, nor an Age Group ϫ Sleep Condition interaction F(2, 57) Ͻ 1, ns.
A two-way repeated measures ANOVA was then conducted on the catastrophe likelihood rating with Age Group (early adolescent, midadolescent, adult) as the between-subjects factor and Sleep Condition (sleep-deprived, rested) as the within-subject factor. There was a main effect of Sleep Condition, F(1, 49) ϭ 3.79, p 2 ϭ 0.07, p Ͻ .05, with participants rating the average likelihood of each catastrophe coming true as higher in the sleep-deprived, compared to rested, condition. There was no main effect of Age Group, F(2, 49) Ͻ 1, ns, nor an Age Group ϫ Sleep Condition interaction, F(2, 49) Ͻ 1, ns.
Controlling for affect differences between conditions. To address the possible concern that the results might be accounted for by differences in positive and negative affect at the beginning of the affective functioning battery, we reran the analyses controlling for the difference between the rested and sleep-deprived composite positive affect and the difference between the rested and sleep-deprived composite negative affect. The pre-post anxiety difference score was excluded from these analyses because the original analysis already accounted for the pretask anxiety rating. The results did not change except for the catastrophe likelihood rating. For the latter, the main effect for Sleep Condition did not remain when positive affect was covaried.
Discussion
The overall aim of this study was to investigate the impact of sleep deprivation on affect in a sample of adolescents and adults. We compared participants under two conditions: sleep deprivation and rest.
Our first prediction was that participants would experience less positive and more negative affect in the sleep-deprived, compared to rested, condition. Taking positive affect first, consistent with our hypothesis, participants reported less positive affect in the sleepdeprived condition relative to the rested condition. This result replicates previous research (Franzen et al., 2008; Zohar et al., 2005) and extends it by showing that this pattern of findings held for an array of discrete positive emotions including interested, excited, happy, strong, energetic, cheerful, active, proud, and delighted. These findings suggest that the affective changes following sleep deprivation reported in previous studies were not likely artificially driven by one or two particular emotions or sleeprelated affective items. On the contrary, the results across these discrete positive emotions lend additional credence to the broad affective findings of previous research.
Contrary to our hypothesis, self-reported negative affect as measured by the PANAS-C did not increase following sleep deprivation. While this finding is consistent with Franzen et al. (2008) , it is in contrast to other previous research reporting that sleep deprivation increases negative mood (e.g., Dinges et al., 1997) . A number of possibilities may account for this difference. First, our study and the study by Franzen et al. (2008) used the PANAS, while Dinges et al. (1997) used the POMS. The POMS may indicate greater mood disturbance in part because some of its scales overlap with sleepiness, such as fatigue and vigor. Moreover, the apparent floor effect of responses to the PANAS-C negative affect items across conditions (see Table 3 ) may suggest that the PANAS does not assess the type of negative affect experienced when sleep deprived. In support of this proposal, Franzen et al. (2008) observed increased negative affect on a visual analog scale but not on the PANAS, and in this study we found increased anxiety but not increased negative affect according to the PANAS-C. Second, the study by Zohar et al. (2005) raises the possibility that context may be an important factor. Specifically, Zohar et al. (2005) showed that sleep loss increased negative affect following a goal-thwarting event. Taken together, future research should incorporate multiple measures of affect and consider the context. Our second prediction was that participants would demonstrate heightened anxiety under conditions of sleep deprivation. Partial support for this hypothesis was evident. While participants did not generate more worries or longer catastrophizing sequences when sleep deprived relative to when rested, they did report more anxiety as a result of catastrophizing and they rated the likelihood of the catastrophes coming true as higher when sleep deprived, as compared to when rested. We note that the latter result did not hold when we controlled for positive affect. However, there were no significant correlations between positive affect and catastrophe likelihood rating in either condition, suggesting that the changed result when positive affect was covaried may have been due to a loss of statistical power. The anxiety results are consistent with a prior study suggesting an association between sleep deprivation and anxiety (Sagaspe et al., 2005) . These data are also broadly consistent with previous research indicating that in the context of affective stimuli sleep-deprived individuals experience heightened amygdala activity and diminished medial-PFC activity (Yoo et al., 2007) . It is interesting that the two outcome measures that did not reflect increases in anxiety in the sleep-deprived, compared to Figure 1 . Rating of the most threatening worry across the rested and sleep-deprived conditions. Rating scale ranges from 0 -100. Statistically significant differences are indicated with asterisks: rested, condition were the tasks that required generating worries or catastrophes. Given the known adverse consequences of sleep deprivation on generative cognitive tasks (Van Dongen, Maislin, Mullington, & Dinges, 2003) , perhaps the cognitive effort required for these tasks prevented demonstrable anxiety increases in the sleep-deprived condition. It is also possible that the relative cognitive difficulty of these tasks, compared to the simpler tasks of appraising threat, rating anxiety, and rating the likelihood of catastrophes, led to increased, compensatory PFC activation (e.g., Lungu, Binenstock, Pline, Yeaton, & Carey, 2007; Drummond et al., 2000) and consequent better regulation of anxiety. An important goal of this study was to extend the literature on the effects of sleep deprivation in adolescence. We found that adolescents experienced less positive affect when sleep deprived, compared to when rested (as did the adults). These findings are particularly noteworthy given that good sleep has been proposed to be a mechanism by which positive affect protects against depression in adolescents (Dahl, 1996; Forbes & Dahl, 2005) . Moreover, we observed that adolescents reported more anxiety as a result of catastrophizing and rated the likelihood of the catastrophes as higher when sleep deprived, compared to when rested (as did the adults). Together, these findings raise the potential importance of sufficient sleep for regulation of anxiety in both adolescents and adults. Two age group differences emerged. First, the early adolescent group appraised their most threatening worry as significantly more threatening when sleep deprived, compared to when rested, whereas this finding was not observed in the midadolescent and adult groups. This finding is consistent with evidence that younger adolescents exhibit poorer affective decision-making-a process reliant on PFC maturation-compared to older adolescents (Hooper, Luciana, Conklin, & Yarger, 2004) . It is possible that the early adolescents in the present study experienced increased threat appraisal under conditions of sleep deprivation, compared to rest, given the earlier stage of the development of the PFC in this age group, relative to midadolescents and adults (Bunge, Dudukovic, Thomason, Vaidya, & Gabrieli, 2002; Giedd, 2004) . We also note that when rested, the early adolescent group appraised their most threatening worry as less threatening than the adult and midadolescent groups. While there is dearth of research on worry over the course of adolescence (Leen-Feldner, Feldner, Tull, Roemer, & Zvolensky, 2006) , this result is consistent preliminary evidence that worry-relevant processes increase throughout adolescence (e.g., Vasey, Crnic, & Carter, 1994; Hampel & Petermann, 2005) . Indeed, considering both this initial evidence and the lower rested threat appraisal level in the present study, it is notable that the early adolescents exceeded the threat appraisal levels of midadolescents and adults when sleep deprived. Second, the three age groups differed on the number of worries generated, with adults generating the most worries and early adolescents the least. This result likely stems from developmental differences in cognitive fluency (particularly writing fluency; e.g., Woodcock, McGrew, & Mather, 2001) .
Several limitations are important to consider. First, the relatively small sample size may have limited the statistical power of the study to detect differences, particularly between the three age groups. Second, not all participants complied with the instructions (i.e., a maximum of 6.5 hours TST on the first sleep-deprivation night and 8.5 hours TST on each of the two rested nights). However, all participants accrued substantial sleep deprivation on the second (laboratory) sleep-deprivation night and the average TST on the rested nights exceeded habitual TST. Future studies should consider conducting the sleep manipulations entirely in the laboratory to ensure full compliance. In addition, 8.5 hours TST may be unrealistic for some adult participants based on sleep need (e.g., Wehr, 1991) . Third, not all participants wore actigraphs, introducing variability between diary and actigraphy data into the manipulation checks. We note, however, that there was good correlation between the two measures. Fourth, the design did not control for circadian influences and some evidence suggests that such effects may be important to consider in studies of positive affect (Murray, Allen, & Trinder, 2002; Hasler, Mehl, Bootzin, & Vazire, 2008) . Hence, future research in this area is needed to control for potential circadian influences, though for adolescent samples there may be greater ecological validity in the absence of circadian controls given that many adolescents are required to function at biologically inappropriate times on a daily basis (Carskadon, Acebo, & Jenni, 2004) . Finally, our sample size was insufficient to examine the impact of pubertal status. Given data suggesting that pubertal status may be a more critical factor than age in terms of affective reactivity (Silk et al., 2009) , this is an important topic for future research.
In conclusion, the findings of the current study suggest that sleep deprivation reduces positive affect across an array of positive emotions. Furthermore, sleep deprivation increases anxiety, whether measured directly through self-report or indirectly through likelihood ratings of catastrophes. Early adolescents appear to be particularly vulnerable to increased threat appraisal under conditions of sleep deprivation, potentially as a result of the ongoing development of the PFC. Our results align with the body of evidence indicating adverse affective consequences of sleep deprivation. The findings extend the current literature by beginning to elucidate these effects in three new domains: specific positive emotions, anxiety, and adolescents.
